Phase I study of dasatinib in combination with capecitabine, oxaliplatin and bevacizumab followed by an expanded cohort in previously untreated metastatic colorectal cancer Summary Purpose Dasatinib inhibits src family kinases and has anti-angiogenic properties. We conducted a phase I study of dasatinib, capecitabine, oxaliplatin, and bevacizumab (CapeOx/bevacizumab), with an expansion cohort in metastatic colorectal cancer (CRC). Methods Patients were enrolled in a dose escalation cohort to establish the maximum tolerated dose (MTD) and the recommended phase II dose (RP2D). Using a "3+3" design, twelve patients with advanced solid tumors received dasatinib (50 mg twice daily or 70 mg daily), capecitabine (850 mg/m 2 twice daily, days 1-14), oxaliplatin (130 mg/m 2 on day 1) and bevacizumab (7.5 mg/ kg on day1), every 3 weeks. Ten patients with previously untreated metastatic CRC were then enrolled in an expansion cohort. Activated src (src act ) expression was measured by immunohistochemistry, using an antibody that selectively recognizes the active conformation of src (clone 28). Results Twenty-two patients were enrolled between June 2009 and May 2011. Two DLTs were observed in the 50 mg bid dasatinib cohort, and one DLT was observed in the 70 mg daily dasatinib cohort. The MTD and RP2D for dasatinib was 70 mg daily. The most common treatment-related adverse events were fatigue (20; 91 %) and diarrhea (18; 82 %). Biomarker analysis of src act expression demonstrated that the overall response rate (ORR) was 75 % (6/8) for patients with high src act expression (IHC≥2), compared to 0 % (0/8) for patients with low src act expression (IHC 0 or 1); (p = 0.007). Conclusions The RP2D of dasatinib is 70 mg daily in combination with CapeOx/bevacizumab. High levels of src act expression may predict those patients most likely to benefit from dasatinib.
Introduction
Colorectal cancer (CRC) is the fourth leading cause of cancer death worldwide [9] . First line treatment for metastatic disease often includes 5-fluorouracil (5-FU), oxaliplatin, and the VEGF inhibitor bevacizumab. When these therapies are given in combination, response rate (RR) is nearly fifty percent, progression free survival (PFS) is 9-11 months, and overall survival (OS) is approximately 2 years [15, 29] . To improve these results, new therapies-and biomarkers to identify patients likely to benefit-are needed.
Src is a non-receptor protein tyrosine kinase involved in cell adhesion, invasiveness, motility, and angiogenesis [27, 35] . Src either assumes a closed, "inactive" conformation, or an open, "activated" state. When src is activated on the plasma membrane inner surface, it interacts with several proteins, including E-cadherin, Focal Adhesion Kinase (FAK), integrins, and STAT-3 [39] . Both src activation and increased src protein expression are directly associated with tumor invasiveness and metastasis [36] . Src expression increases in primary colon tumors compared to benign polyps, and further increases in metastatic lesions compared to primary tumors [3, 4, 33, 34] . In CRC, src expression is associated with adverse clinical outcomes [1] .
Dasatinib [SPRYCEL®] is a broad spectrum ATPcompetitive inhibitor of BCR-ABL, ephrin (EPH), c-KIT, PDGF receptor β (PDGFRβ), and src family kinases. Dasatinib is approved by the United States Food and Drug Administration (FDA) for the treatment of adults with Philadelphia chromosome-positive (Ph+) chronic myeloid leukemia (CML) and Ph + acute lymphoblastic leukemia (ALL) [32] . In solid tumors, preclinical studies suggest that the combination of dasatinib and oxaliplatin has additive, and possibly synergistic activity. CRC tumors treated with the combination of dasatinib and oxaliplatin demonstrate markedly decreased microvessel activity and increased oxidative stress [21, 23] . In addition, colon cancer cell lines with defective src kinases are particularly sensitive to oxaliplatin-induced apoptosis [11] . Src inhibition also decreases VEGF expression in vitro [7] . Based on this observation, dasatinib may prevent increases in plasma VEGF during treatment with bevacizumab, [37] and may enhance the durability of benefit from anti-angiogenic therapies.
In this study, we assessed the safety and tolerability of dasatinib, capecitabine (oral 5-FU), oxaliplatin, and bevacizumab (CapeOx/bevacizumab). The primary objective was to define the maximal tolerated dose (MTD) and the recommended phase II dose (RP2D) of the combination in patients with advanced solid tumors. We then established the safety and tolerability of dasatinib and CapeOx/bevacizumab in a cohort of patients with previously untreated metastatic CRC. Finally, we evaluated the pharmacodynamic properties of dasatinib and CapeOx/bevacizumab on circulating angiogenesis factors, and explored the relationship between activated src (src act ) protein expression and response to therapy.
Patients and methods

Study design
This phase I study consisted of two parts. In part 1 (dose escalation), we identified the MTD and RP2D of dasatinib (Bristol-Myers Squibb, Princeton, NJ, USA), capecitabine (Genentech, South San Francisco, CA, USA), oxaliplatin (Sanofi-Aventis, Bridgewater, NJ, USA) and bevacizumab (Genentech, South San Francisco, CA, USA) in patients with advanced solid tumors. A standard phase I "3+3" design was used. The MTD was defined around toxicities in the first 21-day cycle; the RP2D was selected based upon toxicities occurring in all cycles. The dose and schedule of each therapy are listed in Table 1 .
In part 2 (expansion cohort), we assessed the safety, tolerability, and clinical activity of dasatinib, capecitabine, oxaliplatin, and bevacizumab in ten patients with previously untreated metastatic CRC. Dosing for each agent was based on the RP2D from the dose escalation cohort. Treatment was continued for all patients until disease progression, intercurrent illness that prevented further treatment, unacceptable toxicity, patient withdrawal from the study, or general or specific changes in the patient's condition that rendered further treatment inappropriate per judgment of the investigator or treating physician. We then explored the correlation between blood and paraffin biomarkers and clinical outcomes in both cohorts.
This multi-center study was conducted at Duke University Medical Center (Durham, NC) and Rocky Mountain Cancer Centers (Denver, CO) after approval by the Institutional Review Boards of both centers. Subject accrual occurred between June 2009 and May 2011. All patients provided informed written consent prior to any study-related procedure. This study was conducted in accordance with guidelines of the Helsinki Declaration. This study is registered with ClinicalTrials.gov (NCT00920868).
Patients
Eligibility in part 1 (dose escalation) required a histologically confirmed metastatic or unresectable solid tumor malignancy. Eligibility in part 2 (expansion cohort) required a histologically documented adenocarcinoma of the colon or rectum that was metastatic or recurrent, and radiographically measurable. No prior treatment for metastatic disease was permitted in the colorectal expansion cohort. Prior adjuvant treatment with a 5-FU/LV or capecitabine based regimen was allowed if it was completed at least 6 months before study registration. Prior adjuvant therapy can have included oxaliplatin and/or bevacizumab only if completed at least 12 months before study registration. Inclusion criteria for all subjects included age ≥18, Karnofsky performance status (KPS) ≥70 %, life expectancy of at least 3 months, adequate organ and marrow function, and negative pregnancy test in women of child-bearing age. Exclusion criteria for all subjects included anti-cancer therapy within 28 days prior to start of treatment, systolic blood pressure >150 and/or diastolic blood pressure > 100 mmHg, significant cardiovascular disease, history of fistula, history of gastrointestinal perforation, serious non-healing wound, proteinuria at the time of screening, and any other concurrent severe and/or poorly controlled medical condition that could compromise safety of treatment. Patients with known central nervous system (CNS) metastases were excluded.
Safety
The National Cancer Institute Common Toxicity Criteria version 3.0 (NCI-CTC; version 3.0) was used to grade adverse events. The following adverse events were considered DLT in cycle 1: grade 4 neutropenia or thrombocytopenia lasting over 7 days; neutropenic fever grade ≥ 3; nausea, vomiting or diarrhea grade ≥ 3 and lasting ≥ 4 days despite adequate supportive measures; inability to receive at least 85 % of scheduled doses of each study drug due to treatment-related toxicity; other non-hematologic toxicity ≥ grade 3; any treatment-related death or treatment-related hospitalization. Anorexia, hand-foot syndrome, hypertension, and neuropathy were considered dose-limiting only if they reached grade 4 or were considered unmanageable.
Clinical and radiographic assessment
All patients completed an extensive medical history, physical examination and clinical assessment at baseline, weekly during cycle one, then every 3 weeks before each treatment. These assessments included vital signs, performance status, complete blood count (CBC), biochemistries (including creatinine, AST, ALT, bilirubin, alkaline phosphatase, albumin, magnesium, calcium, sodium, potassium, chloride, bicarbonate, BUN, glucose, phosphorus, total protein, LDH), and prothrombin time/partial thromboplastin time/ international normalized ratio (PT/PTT/INR). Urine protein to creatinine ratio was obtained every 3 weeks (each cycle). A 12-lead EKG was obtained at baseline and repeated every 3 cycles. Serum beta-human chorionic gonadotropin for women of child bearing potential was obtained at baseline and repeated every 3 cycles. Cardiac ejection fraction and TSH were measured at baseline and every 6 months.
Enrolled patients were considered evaluable for toxicity if they received any treatment. Patients were evaluable for DLT and MTD determinations if they completed cycle one or experienced a DLT in cycle one. Patients not evaluable for DLT and MTD were replaced. Radiographic disease assessments by either contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI) of the chest, abdomen, and pelvis were completed within 4 weeks prior to the start of therapy and repeated every 3 cycles (9 weeks). Tumors were evaluated using RECIST criteria (version 1.0).
Biomarkers
Src immunohistochemistry
Sixteen evaluable patients had pretreatment tumor samples available for analysis. Activated src expression (src act ) was assessed using immunohistochemistry (IHC). Formalin-fixed, paraffin-embedded samples were deparaffinized with three changes of xylene and then rehydrated through a series of ethanol/water solutions (100 %, 95 %, 70 % ethanol, distilled water). Endogenous peroxidase blocking was performed. Antigen retrieval was achieved using citrate buffer, pH 6.1 (Dako, Cat# S1699) at 100°C for 20 min. Primary antibody binding was performed at room temperature for 45 min using a 1:100 dilution of antibody directed against the activated conformation of src (Abnova, clone 28). Binding was detected using the Envision + anti-mouse polymer (Dako, Cat# K4001) for 30 min. DAB+(Dako, Cat# K3468) was utilized for substrate visualization. A GI pathologist who was blinded to patient outcomes graded membranous, cytoplasmic, and nuclear src act expression using a standard semi-quantitative method. Samples were assigned an IHC score from 0 to 3 (0 = none; 1 = weak/faint; 2 = moderate; 3 = strong/ circumferential) (see Fig. 1 ). Although membranous and cytoplasmic staining were generally concordant (data not shown), we analyzed results from membranous staining, as this was considered most biologically relevant.
Multiplex ELISA assays
EDTA plasma was obtained at baseline and after the third cycle of treatment. Samples were available from fourteen evaluable patients. IL-6, HGF, PAI-1, PDGF-β, PlGF, VEGFR1, VEGFR2, TGFβ-1 and TGFβ-2 were measured using the SearchLight multiplex platform (Aushon Biosystems, Inc., Billerica, MA) according to the manufacturer's protocol. The TβR3 assay was performed as previously described [25] . Briefly, samples were thawed on ice, centrifuged at 20,000 x g for 5 min to remove any residual precipitate and appropriately diluted before placement onto SearchLight plates. Samples and standards were incubated at room temperature for 1 h while shaking. Plates were washed three times using an automated plate washer (Biotek Instruments, Inc., Model ELx405, Winooski, VT), biotinylated secondary antibody was added, and plates were then incubated for an additional 30 min. After three more washes, streptavidin-HRP was added to the plates, plates were incubated for 30 min, washed again, and SuperSignal substrate was added. Images of the plates were taken within 10 min, followed by image analysis using the SearchLight array analyst software (Version 2.1). Analyte concentrations were calculated based on a 6-point standard curve performed on each plate. Patient samples were tested in duplicate and the mean value was used for analysis.
Statistical analysis
Analyses were descriptive and exploratory. No formal hypotheses were tested. Toxicities were tabulated by type and grade for all enrolled patients according to dose received. The number and percent of patients achieving complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD) were summarized. Overall response rate (ORR) was defined as the rate of CR plus PR. Clinical benefit was defined as CR, PR, or SD greater than 6 months. PFS was defined as the time between enrollment and progression of disease by RECIST or death while on protocol; patients who withdrew from the study for reasons other than progression or death were censored at the time of discontinuation from the study. Kaplan-Meier analyses and plots were used to estimate the PFS of patients treated in the colorectal expansion cohort. The primary endpoint of the exploratory biomarker analysis was the correlation between membranous src act expression and ORR. 2-sided Fisher's Exact test was used to evaluate the association between ORR and src act expression. In addition, changes in plasma angiogenesis factors between baseline and the end of cycle three were described. To evaluate on-treatment changes, L-ratio was calculated using the formula Log 2 (posttreatment level/baseline level) for each analyte. To determine the significance of L-ratio changes, signed-rank tests were conducted. All biomarker analyses were considered exploratory and not adjusted for multiple testing; for this reason all biomarker p values were considered descriptive.
Results
Patient characteristics
Patient demographics are summarized in Table 2 . A total of twenty-two patients were enrolled and received at least one dose of dasatinib, capecitabine, oxaliplatin, and bevacizumab. The median age in this study was 61 years (range 40-74). Of the twenty-two patients enrolled in this study, fifteen patients discontinued treatment due to disease progression, six patients discontinued treatment due to adverse events, and one patient was censored due to resection of liver metastases. Twelve patients were enrolled in the dose escalation cohort. In this cohort, two patients were excluded from assessment of DLT; one patient discontinued therapy due to early disease progression and another patient experienced an oxaliplatin infusion reaction. In the dose escalation cohort, four patients had received no prior treatments for metastatic disease, and four patients had received three or more prior treatments. Various tumor types were included in the dose escalation cohort, including CRC, pancreatic cancer, cholangiocarcinoma, adenocarcinoma of the small bowel, and uterine cancer.
Ten patients were then enrolled in the colorectal expansion cohort. Six of these patients had received prior adjuvant chemotherapy. In the colorectal expansion cohort, KRAS mutation status was tested in eight patients; one patient had a tumor with a KRAS mutation.
Dose escalation and MTD determination
The dose escalation schema and corresponding DLT events are listed in Table 1 . Dose findings were based on the overall safety and tolerability of the investigational drug combination. In cohort 1 (dasatinib 50 mg twice daily), two subjects experienced DLT events and were unable to receive 85 % of scheduled doses of dasatinib and capecitabine. These DLT events included grade two intolerable nausea (n =1) and grade three anorexia (n =1). In cohort −1 (n =8), dasatinib was reduced from 50 mg twice daily to 70 mg once daily. Two subjects in cohort −1 were not evaluable due to early clinical progression and an oxaliplatinrelated infusion reaction, respectively. One DLT event occurred in this cohort level (grade three fatigue), and this dose level was established as the MTD and RP2D. Safety Table 3 summarizes treatment-related toxicities for subjects in the dose escalation cohort, the colorectal expansion cohort, and overall. All treatment-related adverse events causing grade three or greater toxicity are shown. All patients experienced at least one adverse event of any grade related to therapy; twelve patients (55 %) experienced grade three or greater toxicity. The most common non-hematological adverse events of any grade were fatigue (91 %), diarrhea (82 %), anorexia (77 %), neuropathy (64 %), edema (41 %), and hypertension (23 %). The category of edema included swelling and/or fluid retention in the limbs, trunk, viscera, (14) genitalia, head and neck, or lymphatic system. Most adverse events were mild to moderate (grade one or two) and resolved with supportive clinical care and protocol-specified dose holdings and reductions. The most common grade three or greater adverse events were neutropenia (23 %), fatigue (18 %), and diarrhea (14 %). There was one treatmentrelated death related to gastrointestinal perforation.
Efficacy
In the dose escalation cohort, clinical activity was observed. A patient with previously untreated metastatic cholangiocarcinoma had a 93 % decrease in target lesions (see Fig. 2 ).
Another patient with treatment-refractory metastatic rectal cancer had stable disease for over 33 months. Of the ten evaluable patients in this cohort, one patient had a partial response and six patients had stable disease (ORR = 10 %). In this cohort, six patients (60 %) experienced clinical benefit (CR + PR + SD > 6 months). Due to toxicity, two patients withdrew from the study prior to first radiographic assessment and were not evaluable for response. In the colorectal expansion cohort, further signs of clinical activity were observed. Median PFS was 13.4 months (95 % C.I., 1.2 months-not reached). One patient had a complete response, six patients had a partial response and two patients had stable disease greater than 6 months (ORR = 70 %; clinical benefit = 90 %).
Tumor src act analysis A waterfall plot (see Fig. 3 ) demonstrates the maximum tumor response by src act expression level, for all evaluable patients enrolled in this study. Cohort, diagnosis, PFS, number of prior therapies, src act expression, and KRAS mutation status are also listed. Src act expression was assessed in tumors from sixteen evaluable patients. Overall, eight tumors had low levels of membranous src act expression (IHC = 0 or 1), and eight tumors had high levels of src act expression (IHC ≥ 2). Benign colonic epithelium did not demonstrate membranous src act expression (IHC = 0). For patients with high src act expression, the ORR was 75 % (6/8 patients), compared to 0 % for the eight patients with low src act expression (2-sided Fisher's exact p-value=0.007).
Within the colorectal expansion cohort, src act expression was assessed in tumors from eight evaluable patients. Six of eight patients had high src act expression. For the six patients with high src act expression, the ORR was 83 %, and the PFS range was 7.9 to 24.4 months. For the two patients with low src act expression, the ORR was 0 % (0/2), and PFS was 10.6 months and 1.2 months, respectively.
Analysis of plasma angiogenesis factors
To evaluate biomarker responses to treatment, each subject's baseline biomarker profile was used as his or her reference (10) 1 (5) 1 (5) control. Plasma samples were collected at baseline and ontreatment (end of cycle three). In total, ten biomarkers (IL-6, HGF, PAI-1, PDGF-β, PlGF, VEGFR1, VEGFR2, TβR3, TGFβ-1 and TGFβ-2) were analyzed. In the 14 evaluable subjects, there was a statistically significant increase in soluble TβR3 (betaglycan) (P =0.0166). No statistically significant changes were noted in the other biomarkers evaluated (P > 0.05).
Discussion
Src activation is implicated in chemotherapy resistance, and preclinical studies support the role of src inhibitors in restoring sensitivity to 5-FU and platinum-based chemotherapy [5, 11, 16] . Src family kinases (SFKs) are also implicated in angiogenesis. Inhibition of SFKs decreases VEGF, IL-8, and FGF, and inhibits endothelial cell proliferation and migration [13, 20, 22] . Dasatinib also inhibits BCR-ABL, EPH, c-KIT, PDGFRβ and blocks downstream signaling from multiple receptor tyrosine kinases, including c-MET, IGF-1R, EGFR, and VEGFR-2.
In this phase I study, we demonstrated that dasatinib could be safely combined with CapeOx/bevacizumab, albeit at a lower dose than anticipated. The RP2D for dasatinib in this combination was 70 mg daily, which is lower than the FDA approved dose for chronic phase CML (100 mg po daily) and lower than the RP2D from several other dasatinibchemotherapy combinations [6, 10, 13, 24, 30] . It is unclear whether this lower dose reflects overlapping toxicity with CapeOx/bevacizumab, or lower tolerance for combination therapy in a heavily pretreated patient population. To better understand the optimal dose of dasatinib for patients with CRC, results of ongoing phase I studies of dasatinib plus bevacizumab, [19] and dasatinib plus 5-FU, leucovorin, and oxaliplatin (FOLFOX) [24] will be helpful.
Mild to moderate (grade 1-2) adverse events were commonly encountered in this study, but more severe events (grade 3-5) were uncommon. One subject experienced a grade 5 (fatal) gastrointestinal perforation during cycle 2 of therapy. Perforation is a well-described adverse event associated with bevacizumab and other anti-VEGF therapies; the contribution of dasatinib to this isolated event is unclear. The most common treatment related adverse event was fatigue, although only 18 % of subjects experienced grade 3 or greater fatigue. Fatigue was manageable with dose interruption or reduction and use of glucocorticoids. Diarrhea, neutropenia, and anorexia were also commonly experienced by study participants, but these events were typically mild to moderate in severity. Of note, edema was not a significant problem for most subjects on this study. Edema, when it occurred, was manageable with diuretics and dose reductions.
In this study, the combination of dasatinib and CapeOx/ bevacizumab demonstrated signs of clinical activity. A patient with metastatic gallbladder cancer had a significant response to therapy (see Fig. 1 ), and remained on study for over 9 months. Although the ORR was only 10 % in the dose escalation cohort, the clinical benefit rate, which includes disease stability greater than 6 months, was 60 %. These results suggest that this combination may have sustained clinical activity in some patients with chemotherapy refractory disease. Activity was also observed in patients receiving firstline treatment of metastatic CRC. In the colorectal expansion cohort, 90 % of patients had either a partial response or prolonged disease stability. The two patients with stable disease as best response had PFS of 10.6 months and 20.4 months, respectively. It is possible that dasatinib enhanced anti-tumor activity and duration of response.
Prior studies of dasatinib in unselected patients with advanced solid tumors have demonstrated mostly disappointing clinical activity [2, 14, 17, 31] . The identification of biomarkers for dasatinib therapy has been limited by low numbers of responders, the multiple targets inhibited by dasatinib, the uncertain relevance of these targets in different diseases, and the technical challenges of measuring the activated target(s) [28] . In this trial, we evaluated membranous src act expression as a possible biomarker of treatment benefit. The antibody used in this analysis, clone 28, has been reported to perform well in FFPE samples [18] . Despite previous reports that increased src expression is associated with poor prognosis, [1, 38] in our study, high src act expression was associated with improved response to treatment. This small non-randomized study cannot distinguish between biomarkers that are prognostic of outcome versus predictors of benefit from a specific treatment. However, the improved treatment response in tumors with high src act expression suggests this biomarker may merit further testing.
We measured the pharmacodynamic effects of dasatinib and CapeOx/bevacizumab on several circulating biomarkers. Of the biomarkers we analyzed, only soluble TβR3 demonstrated a statistically significant change between baseline and the end of cycle 3. Soluble TβR3 is shed from the cell surface, where it binds TGF-β and mediates changes in the tumor microenvironment. TβR3 is also thought to have an important role in anti-tumor immunologic responses. Soluble TβR3 suppresses the development of CD4 + CD25 + regulatory T cells (T Regs ), and promotes immunologic activation against tumor antigens [12] . Based on its role in mediating anti-tumor immunity, increased soluble TβR3 is associated with favorable outcomes. In this study, 11 of 14 patients had measurable increases in soluble TβR3. Dasatinib, which inhibits several SFKs, including Lck, Yes, Fyn, and Hck, [26] is known to inhibit T Regs in a dose dependent manner [8] . Further studies are needed to explore the relationship between dasatinib, soluble TβR3, and antitumor immunologic responses.
This study has several limitations. The non-randomized trial design limits our ability to make conclusions about clinical activity. In addition, only two patients in the colorectal expansion cohort had low src act expression, which limits correlation between src act expression and clinical outcomes. Similarly, due to small sample size, plasma based biomarker analyses were underpowered. For these reasons, all biomarker analyses should be considered highly exploratory.
In conclusion, we have demonstrated that the combination of dasatinib-at 70 mg daily-plus CapeOx/bevacizumab is safe and generally well tolerated. This regimen appears active and our data suggest that tumor staining for src act expression may identify those patients most likely to benefit. Our finding that dasatinib may modulate levels of soluble TβR3 suggests a novel immunologic mechanism for dasatinib's activity. These findings merit follow up in future clinical studies of dasatinib and other src inhibitors.
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